Interferon regulatory factor 7 (IRF7) is an interferon (IFN)-inducible transcription factor required for activation of a subset of IFN-␣ genes that are expressed with delayed kinetics following viral infection. IRF7 is synthesized as a latent protein and is posttranslationally modified by protein phosphorylation in infected cells. Phosphorylation required a carboxyl-terminal regulatory domain that controlled the retention of the active protein exclusively in the nucleus, as well as its binding to specific DNA target sequences, multimerization, and ability to induce target gene expression. Transcriptional activation by IRF7 mapped to two distinct regions, both of which were required for full activity, while all functions were masked in latent IRF7 by an autoinhibitory domain mapping to an internal region. A conditionally active form of IRF7 was constructed by fusing IRF7 with the ligand-binding and dimerization domain of estrogen receptor (ER). Hormone-dependent dimerization of chimeric IRF7-ER stimulated DNA binding and transcriptional transactivation of endogenous target genes. These studies demonstrate the regulation of IRF7 activity by phosphorylation-dependent allosteric changes that result in dimerization and that facilitate nuclear retention, derepress transactivation, and allow specific DNA binding.
Interferon (IFN) regulatory factors (IRF) are a growing family of transcription factors that have been implicated in antiviral defense, cell growth, and immune regulation (for a review, see reference 30) . Nine members of the family have been identified so far: IRF1, IRF2, IRF3, IRF4/Pip/ISCAT, IRF5, IRF6, IRF7, IRF8/ICSBP, and IRF9/ISGF3␥, as well as more distantly related viral IRF homologues encoded by human herpesvirus 8 . A hallmark of all of these proteins is a shared sequence homology within the amino-terminal DNAbinding domain (DBD), characterized by a repeat containing five tryptophan residues spaced similarly to the spacing in the DBD of the c-myb proto-oncogene (48) . This repeat forms a helix-turn-helix motif which determines a characteristic DNAbinding selectivity for GAAA elements (9, 10, 12) found within positive regulatory domain I (PRD I) and PRD III of the IFN-␤ promoter, the virus-responsive element of the promoters of the IFN-␣ genes, and the IFN-stimulated response element of IFN-stimulated genes.
In addition to the amino-terminal DBD, IRF proteins contain a carboxyl-terminal effector domain. Sequence conservation within this effector domain allows subclassification of IRF proteins into distinct groups (30) . For instance, IRF1 contains a constitutively active transactivation domain within its carboxyl terminus (11) and has been shown to be capable of inducing expression from a variety of target genes containing IRF sites in their promoters (34) . IRF2, on the other hand, contains a repression domain and appears to counteract gene expression induced by IRF1 (14) , although IRF2 can also activate transcription under certain circumstances (46) . The effector domains of all other family members are not intrinsic transactivators but, rather, serve as protein interaction domains to recruit additional transcription factors to promoters containing DNA-bound IRF proteins. For instance, IRF9 (ISGF3␥) recruits tyrosine-phosphorylated STAT1 and/or STAT2 proteins (3, 41, 47) while IRF4 (Pip) and IRF8 (ICSBP) recruit the Ets protein PU.1 (6, 7) . This domain, which has been referred to as the IRF association domain (IAD), is capable of mediating dimer formation among IRF partners as well as with heterologous proteins (42) , a process that can be influenced by phosphorylation (43) . Various IRF family members form homo-or heterodimeric complexes (19, 27, 40) , but how this process is regulated and how it influences IRF protein activity has remained unclear.
The involvement of IRF proteins in antiviral responses has prompted interest in how their activity is modulated during viral infection. Inducible phosphorylation of an IRF protein in virus-infected cells was originally suggested for IRF1 (49) , and more recently IRF3 and IRF7 have been shown to be phosphorylated specifically after virus infection, leading to induction of IFN-␣/␤ genes or other virus-stimulated genes (1, 15, 22, 23, 25, 29, 31, 37-39, 50, 51, 54) . Phosphorylated IRF3 is retained in the nucleus through inactivation of constitutive nuclear export (54) , probably due to complex formation with coactivators (20) , and becomes bound to DNA as an activator of the immediate-early IFN genes, the IFN-␤ and IFN-␣4 genes, and of additional target genes (22) . Similarly, IRF7, which is initially induced in abundance in response to IFN secreted following activation of the immediate-early IFN genes, becomes activated by phosphorylation by a virus-activated protein kinase, leading to a second wave of IFN gene induction from delayed-early genes, such as mouse IFN-␣2, IFN-␣4, IFN-␣6, and IFN-␣8 (25, 37) and human IFN-␣ (52) .
In the present study, we have investigated the mechanism of activation of mouse IRF7 during viral infection. Induced phosphorylation of IRF7 led to its homodimerization and to nuclear retention of dimers which were competent to bind DNA and transactivate target genes. Structure-function analysis de-lineated a strong bipartite transactivation domain which was silenced by an internal autoinhibitory domain that became inactivated following phosphorylation of the carboxyl-terminal regulatory domain. To test the hypothesis that phosphorylation-induced dimerization was the underlying mechanism of IRF7 activation during virus infection, we designed a conditionally dimerized version of IRF7 by fusing it to the ligandbinding domain (LBD) of the estrogen receptor (ER). This domain contains a ligand-dependent dimerization domain (4) that is portable to other proteins (33) and has been used to create conditionally active versions of a variety of proteins, including transcription factors that rely on dimerization for activation (16, 26, 28) . IRF7 dimerized through the LBD bound DNA and activated the transcription of endogenous IFN genes in response to hormone treatment in the absence of virus infection, suggesting that the primary function of virusinduced phosphorylation is enhanced dimerization that relieves repression of transactivation imposed by the autoinhibitory domain.
MATERIALS AND METHODS

Cell culture, transfections, and viral infections. Stat1
Ϫ/Ϫ and wild-type immortalized embryo fibroblasts, human embryonic kidney 293T cells, and monkey kidney COS cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. DNA transfections of 293T, COS, and CV-1 cells and mouse fibroblasts were performed by standard methods using calcium phosphate. All transfection experiments were performed in duplicate, and quantitative data represent the mean normalized for efficiency of transfection and recovery relative to the activity of a cotransfected cytomegalovirus-␤-galactosidase construct. Each construct was tested in at least three separate trials, and the trial-to-trial variation was less than 15%. Newcastle disease virus, Manhattan strain (NDV), was grown in 10-day embryonated chicken eggs, and viral infections were performed as previously described (25) . Where indicated, cells were treated with IFN-␣/␤ (Lee BioMolecular) at 500 U/ml or with 4-hydroxytamoxifen (4-HT; Sigma) at 1 M. In the experiments in Fig. 7 , the cells were grown in phenol red-free Dulbecco's modified Eagle's medium supplemented with 10% charcoal-stripped, heat-inactivated fetal bovine serum. Polyclonal antisera specific for mouse IRF7 were prepared by immunizing rabbits with glutathione S-transferase fusion protein expressing amino acids 207 to 452 (Zymed). Rabbit and mouse antibodies to Flag were obtained from Zymed and Sigma, respectively, and rat antibodies to HA were obtained from Roche.
Plasmid constructs. The different Gal4-IRF7 chimeras were constructed as follows. The relevant IRF7 segments were generated by PCR and were cloned into the EcoRI and XbaI sites of pSG424 (36) in frame with the Gal4 DBD. The (Gal4) 5 -luc reporter was kindly provided by T. Hoey (Tularik). Expression and DNA binding of all chimeric constructs were monitored by electrophoretic mobility shift assay (EMSA) using a Gal4-binding-site DNA probe. The deletion mutant ⌬238-410 and IRF7-HA were created by recombinant PCR, and the combined fragments were reintroduced into the full-length cDNA cloned in pcDNA3 by using the unique internal restriction site DraIII or BstEII and the XbaI flanking site. Chimeric IRF7-ER was created by replacing the STAT1 coding region in the construct STAT1-ER (28) with the entire coding region of IRF7␣ or IRF7␥. Details of the reporter construct IFN-␣6-luc, the full-length Flag-tagged version of IRF7, and the deletion mutants ⌬N 102 and ⌬C 423 have been reported elsewhere (25) . Luciferase activities were measured in cell lysates by using commercial reagents as recommended by the manufacturer (Promega) and were normalized to the ␤-galactosidase activity of a cotransfected RSV-lacZ plasmid measured on a luminescent substrate (Tropix).
EMSA. Nuclear extracts of transfected 293T cells were prepared as previously described (44) . EMSAs were performed by incubating nuclear extracts of each sample (2 g) with a 32 P-labeled double-stranded oligonucleotide containing either three copies of the PRDI-like element from the IFN-␣6 promoter (5Ј-A ATTGAAAGTGAAAAGAAAGTGAAAAGAAAGTGAAAA-3Ј) or an IFNstimulated response element sequence derived from the ISG15 gene (21), as previously described (45) . 4-HT (1 M) was added to the DNA-binding reaction mixtures containing IRF7-ER fusion proteins, as previously described (28) .
Expression analysis. Quantitative reverse transcription-PCR (RT-PCR) was performed by standard methods using total RNA extracted by the TRIzol method (Life Technologies) and the following primers. To detect the expression of IFN-␣ genes other than ␣4, the primers were 5Ј-ARSYTGTSTGATGCARC AGGT-3Ј (sense) and 5Ј-GGWACACAGTGATCCTGTGG-3Ј (antisense), and for glyceraldehyde-3-phosphate dehydrogenase the primers were 5Ј-ACCACA GTCCATGCCATCAC-3Ј (sense) and 5Ј-TCCACCACCCTGTTGCTGTA-3Ј (antisense). To estimate relative amounts of specific RNA species, PCRs were performed on serially diluted samples of RT products, as previously described (8) .
Isoelectric-focusing analysis. Transfected 293T cells were extracted with RIPA buffer. The samples were immunoprecipitated and analyzed by Western blotting using a precast isoelectric-focusing gel containing a pH gradient from 3 to 10 (Bio-Rad), as recommended by the manufacturer.
Glycerol gradient centrifugation. 293T cells were transfected with expression plasmids encoding IRF7 and were left untreated or infected with NDV 9 h prior to harvest. Nuclear extracts were dialyzed against buffer containing 40 mM KCl, 20 mM HEPES (pH 7.6), 1 mM MgCl 2 , 0.1 mM EGTA, 0.5 mM dithiothreitol, and 10% glycerol and fractionated on 15 to 30% glycerol gradients by centrifugation, as described previously (18) . Fractions were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by Western blotting using antibodies against IRF7 (Zymed).
RESULTS
Phosphorylated IRF7 accumulates in the nucleus and binds DNA. IRF7 is active only in virus-infected cells (25, 37) . To understand how viral infection regulates IRF7 transactivation ability, it was important to ask which characteristics of IRF7 are modified in NDV infected cells. We have previously shown that NDV-induced activation of IRF7 correlated with a shift in its electrophoretic mobility as detected by Western blotting following SDS-PAGE, indicative of protein phosphorylation (25) . Analysis of NDV-infected samples by isoelectric focusing confirmed the phosphorylation of IRF7; phosphorylated IRF7 appeared as an extra species that was slightly more acidic than nonphosphorylated IRF7, which displayed a pI of approximately 6.5 (Fig. 1A) . Unlike IRF3, which is cytoplasmic until phosphorylation induces nuclear accumulation, latent IRF7 was present in both the cytoplasm and the nucleus (Fig. 1B,  lanes 1 and 2) . However, the phosphorylated form detected by altered mobility on SDS-PAGE was detected exclusively in the cell nucleus (lane 3). This differential accumulation suggests that NDV-induced phosphorylation of IRF7 results in its retention in the nucleus or that the phosphorylation event itself occurs exclusively in the nucleus. In contrast, bulk IRF7 is not compartmentalized within the cell. However, nuclear localization of phosphorylated IRF7 did not appear to result from inhibited Crm1-dependent nuclear export, as has been suggested for IRF3 nuclear accumulation (54) , because leptomycin B treatment of cells did not alter the subcellular distribution of IRF7 (data not shown).
We investigated the aspects of IRF7 function that correlated with its phosphorylation. A dramatically increased ability to bind DNA occurred in response to viral infection (Fig. 1C) . Human embryonic kidney 293T cells were transfected with a Flag epitope-tagged version of IRF7, and extracts were prepared before and after infection with NDV. Specific protein-DNA interaction was significantly enhanced in extracts from IRF7-transfected, NDV-infected cells (Fig. 1C, lane 4) , and this complex was supershifted by antibody against the epitope tag (lane 5). Consistent with the pattern of nuclear accumulation of phosphorylated protein, DNA-binding-competent IRF7 was selectively detected in nuclear rather than cytoplasmic extracts of infected cells (Fig. 1C, compare lanes 4 and 7) . These data demonstrated that the phosphorylated form of IRF7 is competent to bind DNA and accumulates selectively in the nucleus.
IRF7 contains a bipartite transactivation domain whose activity is controlled by an autoinhibitory domain. During the initial characterization of IRF7 cDNA clones, we isolated several isoforms derived by alternative splicing (unpublished data). Major forms expressed in mouse fibroblasts included IRF7␣, an apparently full-length transcript, along with two smaller species, IRF7␤ and IRF7␥, lacking internal portions of the protein encoded by exons 4 and 5 ( Fig. 2A) . We tested the ability of these different IRF7 isoforms to activate an IFN-␣6 luciferase reporter. As described previously (25) , full-length IRF7␣ potently transactivated the IFN-␣6 promoter in response to viral infection ( Fig. 2A) . IRF7␤ was also capable of activating the IFN-␣6 promoter in response to NDV, but to levels approximately twofold lower than those for IRF7␣. In contrast, IRF7␥, which has sustained a larger deletion than IRF7␣ and IRF7␤, was incapable of inducing NDV-responsive transcription ( Fig. 2A) , although it still underwent a size shift following virus infection, indicative of phosphorylation (data not shown). These results suggest that amino acids 132 to 205, which are differentially contained within the distinct IRF7 isoforms, are essential for transactivation and may comprise a transactivation domain. Similarly, deletion of the carboxyl-terminal region necessary for virus-induced phosphorylation (⌬C 423 ) severely impaired IRF7 transcriptional potency ( Fig.  2A) , suggesting that this region also contains an essential transactivation function. To test the importance of the remaining portion of the IRF7 carboxyl terminus, we constructed an artificial deletion mutant missing amino acids 238 to 410 ( Fig.  2A, ⌬ 238-410 ). Surprisingly, the protein encoded by this construct constitutively activated the IFN-␣6 promoter to high levels and failed to respond further to virus infection. These data delineate two regions necessary for full transcriptional activity (amino acids 132 to 205 and 423 to 457) and an additional autoinhibitory region that silences transcriptional activity in the absence of viral infection (amino acids 238 to 410).
The transactivation potential of IRF7⌬ 238-410 was tested at various expression levels to determine if its high activity indicated saturation of the expression assay. Titration of the amount of IRF7 DNA cotransfected with IFN-␣6-luc resulted in a proportional decrease of the transcriptional response (Fig.  2B ). For instance, transfection of fivefold-lower amounts of IRF7⌬ 238-410 relative to IRF7␣ constitutively induced reporter gene expression approximately equal to virus-induced wildtype levels. However, virus infection did not significantly alter reporter gene activity at any level of IRF7⌬ 238-410 expression ( Fig. 2B and data not shown), demonstrating that its enhanced activity was not responsive to regulation. We considered the possibility that the high activity resulting from absence of the autoinhibitory region might reflect constitutive phosphorylation of the regulatory region (e.g., due to increased access to a regulatory kinase or lack of a potentially inactivating dephosphorylation event). This notion was tested by expressing IRF7⌬ 238-410 (AA), in which two serine residues required for virus-induced phosphorylation were altered to alanines (25) . This altered protein retained the potent transactivating ability and lack of significant viral responsiveness of the nonmutated version (Fig. 2C ). These data argue that the sole effect of virus infection-induced regulation is derepression of transactivation by inactivation of the autoinhibitory region, a requirement that is lost when autoinhibition is eliminated by deletion of the relevant domain.
Domain organization of IRF7. The data reported above suggested that IRF7 contains two regions necessary for transcriptional activity flanking an autoinhibitory segment that silences transcription in the absence of viral infection. This notion was further investigated by using a fusion protein approach. For this purpose, we subcloned different segments of IRF7 in frame with the yeast Gal4 DBD in the pSG424 vector (36) . The transactivation ability of these chimeric Gal4-IRF7 proteins was tested by cotransfection into COS cells using a reporter gene containing five Gal4-binding sites upstream of the luciferase coding region.
A chimeric protein containing full-length IRF7 (amino acids 1 to 457) fused to the Gal4 DBD stimulated transcription approximately 100-fold relative to the Gal4 DBD alone (Fig.  3A) , demonstrating that IRF7 is a functional transcriptional activator. Similarly, expression of a fusion protein containing amino acids 132 to 457 but lacking the putative IRF7 DBD also activated the Gal4-responsive promoter greater than 300-fold. These results confirm that the carboxyl terminus of IRF7 contains all the elements necessary for transactivation, similar to other IRF family members (30) . To dissect the transactivation domain, amino acids 424 to 457 were deleted from the carboxyl terminus, similar to the ⌬C423 mutant, which showed impaired virus response. This deletion also showed reduced transcription as a Gal4 fusion. This impaired transcription was not affected by loss of elements within the amino-terminal DBD, 2) for 7 h and cell extracts were immunoprecipitated and analyzed by native isoelectric focusing and Western blotting using anti-HA antibodies. The mobilities of IRF7 and phosphorylated IRF7 (IRF7-P) are indicated. (B) Phosphorylated IRF7 is exclusively nuclear. 293T cells were transfected with an IRF7 expression plasmid, and nuclear (N) and cytoplasmic (C) extracts prepared from mock-or NDV-infected cells 9 h postinfection were analyzed by Western blotting using anti-IRF7 antibodies raised against the carboxyl terminus. The mobilities of IRF7 and phosphorylated IRF7 (IRF7-P) are indicated. (C) IRF7 binds DNA in response to viral infection. EMSA was performed on nuclear (lanes 1 to 5) and cytoplasmic (lanes 6 and 7) extracts derived from vector-transfected 293T cells (lanes 1 and 2) or cells expressing IRF7-Flag (lanes 3 to 7) that had been mock or NDV infected for 9 h, as indicated. Extracts were incubated with an ISRE probe from the ISG15 gene. Anti-Flag M2 antibodies were added to the reaction mixture (lane 5) to confirm the identity of the complex. because a similar chimeric molecule containing amino acids 132 to 424 but missing the carboxyl-terminal 34 amino acids also failed to activate transcription to wild-type levels. Further carboxyl-terminal truncation to amino acid 367 produced a protein completely lacking the ability to activate transcription, confirming that a necessary transactivation domain exists at the extreme carboxyl terminus of IRF7. Indeed, the carboxyl-terminal transactivation region alone (amino acids 411 to 457) was also capable of stimulating high levels of transcription when expressed as a Gal4 fusion (Fig. 3A, construct 11 ), demonstrating that this segment contained a bona fide transactivation function.
Further truncations to produce chimeric proteins expressing amino acids 132 to 237 or 132 to 205 resulted in proteins capable of strongly stimulating transcription by more than 200-and 100-fold, respectively, identifying the second region capable of activating transcription. To map this second region, constructs expressing amino acids 153 to 457 or 207 to 457 were tested and found not to be capable of activating transcription. These results localized the second transactivation domain between amino acids 132 and 237 and confirmed that its activity in the intact protein is inhibited by the presence of amino acids 238 to 410. Removal of the internal transactivation region in the context of the rest of the carboxyl-terminus of IRF7 (e.g., amino acids 153 to 457 or 207 to 457) significantly impaired transcription, showing that both the internal and the distal transactivation regions were essential for full activity. Interestingly, combining the internal transactivation domain with the carboxyl-terminal region in the absence of the autoinhibitory segment (⌬ 238-410 ) produced an extremely active protein that stimulated transcription to levels approximately 10-fold higher than those for full-length IRF7. Taken together with the studies of the activation of the IFN-␣6 reporter (Fig.  2 ), these results demonstrate that amino acids 238 to 410 function in an autoinhibitory manner to silence the two separate parts of the transactivation domain. Deletion of either region (internal or distal) of the transactivation domain in the context of at least part of the autoinhibitory segment resulted in a very poor transactivation ability (e.g., Fig. 3 , constructs 5 and 9), while removal of the inhibitory region in the context of either transactivation domain resulted in high levels of transcription (constructs 6, 7, 10, and 11).
It is important to note that the carboxyl-terminal region containing an independent transactivation function and necessary for full transcriptional activity of intact IRF7 also contains serine residues required for phosphorylation in response to NDV infection and necessary for regulated induction of endogenous IFN-␣ genes (25) . Constructs that retained this region (e.g., Fig. 3 , constructs 1 and 2) consistently showed a twoto threefold increase in transactivation following viral infection (data not shown), indicating that the chimeric Gal4 proteins retained at least partial responsiveness to virus infection-dependent regulation.
Taken together, the above results map the distinct functional domains of IRF7 as diagrammed in Fig. 3B . The DBD is at the amino terminus (A. Prakash, unpublished data), probably encoded by the first 3 exons. A region necessary for transactivation lies between amino acids 132 and 237, and this region is differentially spliced in IRF7␣, IRF7␤, and IRF7␥ isoforms. A similar region of human IRF7 has also been implicated in transactivation (1) . An autoinhibitory domain capable of silencing the activity of both of the otherwise constitutively active transactivation domains mapped between amino acids 238 and 410, and the extreme carboxyl terminus of IRF7 is required for full transactivation and in addition serves as a virusactivated regulatory domain. Phosphorylation of the regulatory domain derepresses transactivation by inactivating the inhibition imposed by the autoinhibitory domain, and the require -FIG. 3 . Structure-function mapping of IRF7 transactivation and autoinhibitory domains using Gal4 chimeras. Gal4-IRF7 fusion protein constructs are diagrammed on the left, indicating the Gal4 DBD and the exon structure of IRF7. Distinct functional regions of IRF7 are shaded. Fold activation of a Gal4 upstream activation site luciferase reporter cotransfected in COS cells with the indicated Gal4-IRF7 chimeric expression plasmids is shown on the right. The values are expressed as fold induction relative to basal activation by Gal4-DBD alone after normalization to cotransfected ␤-galactosidase activity. The graph represents the mean value from a single experiment performed in duplicate and is representative of at least three trials for each construct. Overall experimental variation was consistently less than 15%. Note that the results for constructs 1 to 9 and 10 to 11 are plotted on different scales. (B) Diagram of IRF7 functional domains, indicated by different shading patterns and labeled underneath, summarizing the data derived from transfection experiments. Exons are numbered for identification. ment for this regulatory function is lost following removal of the autoinhibitory region.
Induction of endogenous IFN gene expression by relief of IRF7 autoinhibition. The subset of IFN-␣ genes not including IFN-␣4 is induced in a delayed manner following virus infection and requires IRF7 for expression, as previously described (1, 25, 52) . Because IRF7 must be induced in response to IFN, IRF7-dependent targets such as the non-IFN-␣4 subset fail to be induced in virus-infected IFN-resistant cells, such as Stat1 Ϫ/Ϫ cells (25) . This property afforded the unique opportunity to confirm the domain mapping of IRF7 originally carried out using transfected reporters on endogenous IFN-␣ genes. To this end, we examined the expression of non-IFN-␣4 genes in virus-infected Stat1 Ϫ/Ϫ fibroblasts transfected with different versions of recombinant IRF7 (Fig. 4A) . Vectortransfected cells or cells ectopically expressing IRF7 versions lacking either the DBD (⌬N 102 ) or the carboxyl-terminal transactivation/regulatory domain (⌬C 423 ) were incapable of activating endogenous IFN-␣ gene expression in response to virus infection (Fig. 4A, lanes 1 to 6) . Similarly, IRF7␥, which lacks most of the internal transactivation domain, failed to complement Stat1
Ϫ/Ϫ cells (lanes 7 and 8). However, consistent with reporter assay results, both IRF7␣ and the IRF7␤ splice variant missing a small segment of the internal transactivation domain were functional, although IRF7␤ was less active than IRF7␣ (compare lanes 10 and 14), resulting in approximately 5-to 10-fold less gene expression as quantified by titration RT-PCR (data not shown). All forms of IRF7 were expressed at comparable levels and, like full-length IRF7, accumulated in both the cytoplasm and nucleus (Fig. 4B) . While IRF7␥ expression levels were lower than others, this reduced accumulation did not account for the observed complete absence of IFN gene induction.
In contrast to the deficiencies in endogenous IFN gene induction observed following transfection of impaired versions of IRF7, the ⌬ 238-410 construct, which lacked the autoinhibitory domain, induced IFN-␣ gene expression even in the absence of NDV infection (Fig. 4A, lanes 11 and 12) . Similar to its increased activity as a Gal4 fusion and its constitutive induction of IFN-␣6-luc, IRF7⌬ 238-410 induced constitutive endogenous IFN-␣ gene expression. Interestingly, although IRF7⌬ displayed enhanced basal activity consistent with results obtained using artificial promoters, NDV infection of IRF7⌬ transfected cells further enhanced the levels of target gene expression (Fig. 4A, compare lanes 11 and 12) . This result is in contrast to IRF7⌬ 238-410 activity in transient-luciferase assays (Fig. 2) . It is likely that this virus-induced activation reflects the increased complexity of endogenous gene regulation relative to reporter assays. For instance, induction of IFN-␣/␤ mRNA levels reflects both transcriptional activation of gene expression and posttranscriptional events, including a significant contribution of enhanced IFN mRNA stability following virus infection (Y. L. Yang and C. Weissmann, personal communication). In addition, virus infection may produce changes in chromatin structure that affect the expression of endogenous genes that are not required in simpler reporter assays. In this regard, it is noted that the non-IFN-␣4 genes are located within the same chromosomal cluster as the immediate-early IFN-␣4 and IFN-␤ genes (17) and therefore may be affected by their actively transcribed neighbors, a regulatory event that would not be reflected by reporter constructs.
IRF7␥ represses NDV-induced IFN-␣ expression. The fact that IRF7␥ was devoid of transactivation ability prompted us to ask whether this splice variant could have a repressive effect on IRF7 transactivation. Cotransfection experiments were performed using increasing amounts of IRF7␥ and a reporter construct encoding the luciferase gene driven by the IFN-␣6 promoter activated by either IRF7␣ or IRF7␤ in response to viral infection (Fig. 5, upper panels) . Expression of IRF7␥ repressed IRF7␣-or IRF7␤-driven transactivation by more than 90% at high molar ratios. Even at low ratios, expression of IRF7␥ negatively affected IRF7␣-or IRF7␤-mediated target gene activation. IRF7␥-mediated repression was more effective against IRF7␤, probably due to the weaker transcriptional potential of the ␤ isoform. These results indicated that the naturally occurring IRF7␥ splice variant could function as an antagonist of IRF7␣ or IRF7␤ to modulate the transcription of IRF7-dependent genes.
Several possible mechanisms for this dominant negative action of IRF7␥ are imaginable. First, because it contains a DBD, IRF7␥ could compete with active forms of IRF7 for promoter-binding sites. Second, heterodimerization between active and inactive forms of IRF7 might prevent the formation of functional homodimers possibly required for gene induction. Third, IRF7␥ might interact with other necessary components of the transcriptional machinery and sequester a protein essential for IRF7 activity. To distinguish among these different possibilities, we tested another IRF7 mutant for possible dominant negative properties. Similar cotransfection experiments were performed using IRF7⌬N 102 , which lacks the amino-terminal DBD, rendering it unable to bind DNA (data not shown). As shown in Fig. 5 (lower panels), this mutant also functioned in a dominant negative manner, inhibiting IRF7␣-and IRF7␤-mediated transactivation of the IFN-␣6 promoter by up to 80%. Since this mutant cannot bind DNA, its inhibitory action strongly suggests a repression mechanism that is independent of competition for DNA binding. Alternatively, it is possible that IRF7␥ and IRF7⌬N 102 inhibit IRF7 action through distinct mechanisms. However, deletion of amino acids 58 to 73 within the DBD of IRF7␥, rendering it incapable of binding DNA, did not prevent its dominant negative effect in cotransfection assays (data not shown).
Enhanced IRF7 dimerization following viral infection. A likely mechanism for the dominant negative action of IRF7␥ would be the formation of nonfunctional dimers with IRF7␣, suggesting that active IRF7␣ exists as a dimer. To address the possibility of IRF7 dimerization, the native sizes of nonphosphorylated and phosphorylated IRF7 were determined by glycerol gradient centrifugation. Nuclear extracts from uninfected or NDV-infected cells were fractionated by sedimentation, and the relative mass of IRF7 was estimated following Western blotting. As shown in Fig. 6 (upper panel) , nonphosphorylated IRF7 derived from uninfected cells cofractionated with the 44-kDa marker, approximating its predicted size. Similarly, the bulk of nonphosphorylated IRF7 derived from infected cells (lower panel) cosedimented with IRF7 derived from uninfected cells, accumulating in fractions 7 and 8. A similar pattern of sedimentation was observed for cytoplasmic IRF7, whether derived from uninfected or virus-infected cells (data not shown). In contrast, phosphorylated IRF7, which migrated more slowly on SDS-PAGE and was detected exclusively in nuclear extracts from infected cells, sedimented with a significantly larger apparent size, with peak accumulation detected in fraction 10 (Fig. 6, lower panel) . This faster sedimentation of phosphorylated IRF7 was consistent with a size of 80 to 90 kDa. It is unlikely that a conformational change in phosphorylated IRF7 monomers could account for this significantly faster sedimentation, suggesting instead that phosphorylated IRF7 is not a monomer.
Dimerization is sufficient to activate IRF7. The significantly larger native size of phosphorylated IRF7 suggested that dimerization might be key to its infection-dependent activation. To test the notion that homodimerization per se would suffice to activate IRF7, we designed conditionally dimerizable forms by fusing IRF7 to the LBD of ER (IRF7-ER), as diagrammed in Fig. 7A . The effectiveness of hormone in stably dimerizing and activating the chimeric IRF7␣-ER protein was tested by induction of gene expression. Activation of target gene expression by the chimeric IRF7␣-ER protein was tested on the IFN-␣6 promoter by cotransfection of COS cells with IRF7␣-ER and IFN-␣6-luc, followed by hormone stimulation (Fig. 7B) . The ER LBD carries one of the two transactivation functions of the wild-type receptor, namely, AF-2 (13). While estradiol is a full agonist for ER and can activate the function of AF-2, giving some degree of transactivation even in the absence of the major transactivation domain of the receptor, tamoxifen is an antagonist which fails to activate AF-2 function although it retains the ability to induce ER dimerization (2) . To test exclusively the transactivation function of IRF7 rather than AF-2 from ER, transfected cells were stimulated with 4-HT. IRF7␣-ER stimulated with 4-HT resulted in greater than 25-fold activation of the reporter, showing that ligandinduced dimerization was sufficient for transcriptional activation. As expected, 4-HT had no effect on reporter expression in the absence of IRF7␣-ER. To prove definitively that the AF-2 domain from ER was not responsible for the induction of transcription observed in response to 4-HT, a second IRF7-ER fusion construct was prepared using IRF7␥ that lacks the internal transactivation domain. IRF7␥-ER-transfected cells treated with 4-HT resulted in only minimal induction of the IFN-␣6-luc reporter (Fig. 7B) , even though both IRF7␣-ER and IRF7␥-ER chimeric proteins were expressed at comparable levels and bound DNA (Fig. 7D and E) . Therefore, the AF-2 domain of ER was insufficient to contribute to reporter gene expression following 4-HT treatment.
The ER LBD not only functions as a dimerization domain but also can inactivate heterologous fusion proteins through interaction with HSP90 (33), leading to the possibility that hormone activation of IRF7␣-ER resulted from release from HSP90 rather than from true activation. To test this possibility, we compared gene activation by wild-type (unactivated) IRF7 with that of IRF7-ER activated by 4-HT. If the action of hormone were merely to release basal IRF7 from HSP90-mediated inhibition rather than to activate it, one would expect 4-HT-activated transcription to equal that from unphosphorylated, wild-type IRF7. Transient transfection of cells with IRF7 produced a small increase in IFN-␣6-luc expression relative to NDV-induced levels (Fig. 7C) . However, 4-HT-activated IRF7␣-ER produced significantly higher target gene expression than did wild-type IRF7␣ alone, resulting in transcrip-tional activation equal to approximately half that of NDVinduced wild-type protein. Therefore, the action of hormone cannot be ascribed to release from HSP90 alone. Another potential confounding variable could be that 4-HT treatment resulted in phosphorylation and thereby activation of IRF7-ER, analogous to NDV-induced phosphorylation. To test this possibility, a third ER fusion protein was constructed in which serine residues 425 and 426, required for virus-induced activation of IRF7, were converted to alanines (25) . Cells transfected with this mutated construct (AA-ER) showed increased re-
FIG. 5. IRF7␥ and IRF7⌬N
102 competitively repress IRF7-mediated IFN-␣6 induction. COS cells were cotransfected with expression constructs encoding IRF7␣ or IRF7␤ (50 ng), as indicated, and increasing amounts (0, 250, 1,000, and 2,000 ng) of either IRF7␥ (upper panels) or IRF7⌬N 102 (lower panels), along with a luciferase reporter construct driven by the IFN-␣6 promoter. At 24 h after transfection, cells were infected with NDV for 12 h and extracts were assayed for luciferase activity. The values are expressed as a percentage of the activity without competitor after normalization to cotransfected ␤-galactosidase activity and represent the average of duplicate measurements.
porter gene expression following treatment with 4-HT (Fig.  7C ). Although gene induction by the AA-ER protein was somewhat lower than that by unmutated IRF7␣-ER, it was nonetheless greater than gene induction in response to unphosphorylated, wild-type IRF7. Moreover, treatment of cells with 4-HT after transfection with wild-type IRF7 showed no increase in gene expression, and no evidence of phosphorylation of either wild-type IRF7 or IRF7-ER was detected (data not shown).
Ligand-activated IRF7 was also tested for induction of specific DNA binding. Cells transfected with IRF7␣-ER were treated with 4-HT and cell extracts were examined for binding to an IRF7-binding site DNA probe (Fig. 7E) . As expected, no specific DNA-binding activities were detected from extracts of cells transfected with vector alone or with wild-type IRF7, either with or without hormone treatment (data not shown). However, cells expressing IRF7␣-ER and treated with 4-HT displayed a characteristic DNA-protein complex (lane 2). IRF7␣-ER retained the binding specificity of wild-type IRF7 and could be recovered from nuclear extracts of hormonetreated cells (results not shown). Similarly, 4-HT induced the DNA-binding ability of IRF7␥-ER (lane 4). Thus, dimerization through the ER moiety mimicked both of the major regulated events normally dependent on viral infection-induced phosphorylation, namely, DNA binding and gene activation.
The ability of hormone-dimerized IRF7 to regulate target gene transcription was confirmed by evaluation of endogenous IFN gene expression. Stat1
Ϫ/Ϫ fibroblasts were transfected with IRF7-ER and left untreated or stimulated with 4-HT, and induced mRNA levels of type I IFN genes were measured. As shown in Fig. 7F 
DISCUSSION
Our experiments have focused on understanding the structural determinants underlying the transcriptional activity of IRF7 and the mechanism of its regulation during viral infection. We showed that murine IRF7 contains a transactivation function composed of two distinct stretches of amino acids, separated by an autoinhibitory segment capable of silencing its activity. The same autoinhibitory segment appears capable of preventing DNA binding by latent IRF7. Upon viral infection, IRF7 phosphorylated within the carboxyl-terminal regulatory domain forms stable multimers, most probably composed of homodimers, and this form accumulates preferentially in the nucleus, where it binds specific DNA motifs and enhances the transcription of target genes. All of the features of IRF7 associated with virus-induced activity, namely, nuclear accumulation of the active form, ability to bind DNA, and ability to induce gene expression of specific endogenous target genes, could be mimicked by forced dimerization through the ER LBD. These results show that phosphorylation-dependent dimerization of IRF7 in virus infected cells is the likely mechanism regulating its function.
Our data support the hypothesis that dimerization alone, in the absence of phosphorylation or other viral infection-induced events, is sufficient to confer all the features of IRF7 activation: nuclear retention, specific DNA binding, and transcriptional competence, including induction of endogenous target genes. It is important to note that the ER LBD used in these experiments provides a hormone-regulated dimerization function but lacks the key nuclear localization signals present in wild-type ER (32, 53) . Therefore, ligand-dependent nuclear migration of IRF7-ER demonstrates that IRF7-encoded signals are sufficient for nuclear localization, although the precise mechanism driving nuclear retention of dimeric IRF7 remains to be determined. Furthermore, the hormone-binding domain of ER contains only one of the two independent transcriptional activation functions present in intact ER, namely, AF-2 (13) . While estradiol is a full agonist for ER and can activate AF-2 function, tamoxifen has no ability to activate AF-2 function, although it retains the ability to induce ER dimerization (2) . Importantly, tamoxifen activated IRF7 target gene expression in cells transfected with IRF7␣-ER (Fig. 7) but not in cells FIG. 6 . Phosphorylated IRF7 displays an increased native molecular size. Nuclear extracts harvested from uninfected control (Ctl) (upper panel) or NDV-infected (lower panel) 293T cells that had been transfected with IRF7 were fractionated by glycerol gradient sedimentation. Individual fractions, as indicated, were assayed for IRF7 by immunoblotting following SDS-PAGE. The fractionation of molecular mass standards in a parallel gradient is indicated at the top, and the electrophoretic mobilities of phosphorylated and unphosphorylated IRF7 are indicated at the right.
expressing the transcriptionally impaired IRF7␥-ER protein. Therefore, the IRF7-encoded transactivation function was both necessary and sufficient to induce gene expression once activated through dimerization.
The multiple regulated activities of IRF7 dependent on phosphorylation of the carboxyl-terminal regulatory domain suggest that this modification is accompanied by major structural reorganization of the protein following dimerization. It is possible that internal interactions of the nonphosphorylated protein keep it in a "closed" conformation that prevents DNA binding and blocks the formation and/or the function of the transactivation domain. One possibility is that the inhibited state is a consequence of an intramolecular interaction, as postulated for IRF4 and IRF3 (5, 24) . Our results suggest that such an interaction probably involves amino acids 131 to 205, the region absent in IRF7␥, since this splice variant displayed constitutive DNA binding (unpublished data). Unlike IRF3, however, acquisition of DNA binding was not sufficient to activate transcription, even though the carboxyl-terminal transactivation domain was still present in IRF7␥, because the presence of the autoinhibitory domain prevented activity from both portions of the transactivation domain. We speculate that dimerization relieves a negative interaction between the internal transactivation region and the DBD, perhaps as a concerted effect of creating a functional transactivation domain by uniting the internal and distal portions. Ϫ/Ϫ fibroblasts were transfected with IRF7␣-ER (lanes 1 and 2) or IRF7␥-ER (lanes 3 and 4) before being treated with 4-HT for 6 h (even-numbered lanes). RNA was analyzed for expression of the non-IFN-␣4 subset or for GAPDH, as indicated.
Many of these features are similar to the regulation of the related protein IRF3, which is also activated during viral infection by phosphorylation (15, 23, 24, 29, 35, 38, 39, 50, 51, 54) . Our data show that, at least for IRF7, the mechanism underlying the regulation of its activity is induced dimerization that derepresses its ability to bind DNA and transactivate gene expression, actions that are silenced in the latent protein. It is tempting to speculate that other family members, in particular IRF3, are regulated through a similar dimerization-dependent mechanism. Both IRF3 and IRF7 are transcriptional activators, containing transactivation domains masked in the absence of phosphorylation by autoinhibitory domains. Moreover, regulatory phosphorylation requires an analogous and partially homologous region at the carboxyl termini of the two proteins. However, IRF3 contains a single region (amino acids 134 to 394) required for transactivation, flanked by two autoinhibitory domains (24) . In contrast, IRF7 contains two regions necessary for full transactivation (one from amino acids 132 to 238 and a segment distal to amino acid 423), separated by a single autoinhibitory region. It is interesting that two related proteins that exhibit structural divergence in the sequence and placement of functional domains nevertheless retain a similar overall regulatory mechanism.
Another major difference between IRF3 and IRF7 is the inducibility of IRF7 protein abundance in response to IFN, in contrast to the constitutive expression of IRF3, providing a unique aspect of cellular regulation. Moreover, while both proteins are regulated by subcellular distribution, IRF3 is excluded from the nucleus in the absence of viral infection due to active nuclear export (54) . In contrast, the distribution of bulk IRF7 was similar in both cytoplasmic and nuclear compartments, with only the phosphorylated form specifically accumulating in the nucleus. This regulation does not appear to be dependent on active nuclear export since the inhibition of Crm1-dependent export by leptomycin B did not lead to accumulation of IRF7 in the nucleus (data not shown). Au et al. (1) reported that a transiently transfected human IRF7-green fluorescent protein fusion accumulated over time in the nucleus, even in the absence of viral infection. In contrast, Sato et al. (37) found that epitope-tagged IRF7 protein expressed from a retrovirus accumulated in the nucleus only in response to virus. Importantly, however, we examined the distribution of endogenous IRF7 in several cell lines and found that endogenous IRF7 protein was present in both cytoplasmic and nuclear compartments while endogenous IRF3 was predominantly or exclusively cytoplasmic (data not shown), indicating that the detected pattern of subcellular compartmentalization is not an artifact of transfected cells. Therefore, while phosphorylation of IRF3 appears to mask its nuclear export signal, leading to its accumulation in the nucleus, phosphorylation of IRF7 either occurs only in the nucleus or modulates subcellular localization by a distinct mechanism. In either case, functional dimerization appears to be the fundamental consequence of phosphorylation that alters IRF7 subcellular localization since hormoneactivated IRF7-ER also accumulated in the nucleus.
Another distinction between the two proteins is the presence of alternatively spliced versions of IRF7 that specifically remove different segments of the internal transactivation domain. Interestingly, IRF7␤, which is a weaker transactivator than IRF7␣ and is more easily inhibited by IRF7␥, appears to be the predominant form expressed in many cells, including leukocytes (data not shown), raising the possibility that negative regulation by IRF7␥ inhibition could be a significant mechanism in vivo. While we have not detected conditions in vivo in which IRF7␥ is the predominant species, it is possible that the relative abundance of IRF7␤ and IRF7␥ may affect the magnitude of target gene induction and that modulation of these levels could provide an additional level of gene regulation. Perhaps more importantly, however, the ability of IRF7␥ to inhibit transcriptional activity provided strong evidence that dimerization is key to IRF7 function.
All IRF family proteins appear to be organized in the same general manner, containing an amino-terminal DBD specific for a conserved ISRE/PRDI-like DNA sequence and a carboxyl-terminal effector domain that includes the IAD and that functions by protein-protein interaction (43) . For instance, IRF9 (ISGF3␥ p48) uses this domain to interact with STAT1 and STAT2 in response to IFN stimulation (47) , while IRF4 (Pip) and IRF8 (ICSBP) interact with phosphorylated PU.1 (5) or with IRF1 and IRF2 (40, 43) through the IAD. IRF3, IRF4, and IRF7 appear to use the IAD both for intramolecular autoinhibitory interactions and to form an intermolecular, activated conformation. Most IRF proteins have been suggested to dimerize and/or multimerize (19) . The identification regulated dimerization as underlying mechanism of functional activation, as demonstrated here for IRF7, may be generally applicable for other members of the family.
